One of the key challenges associated with time-lapse surveys is ensuring the repeatability between the baseline and monitor surveys. Non-repeatability between the surveys is caused by varying environmental conditions over the course of different surveys. To overcome this challenge, we propose the use of interferometric full waveform inversion (IFWI) for inverting the velocity model from data recorded by baseline and monitor surveys. A known reflector is used as the reference reflector for IFWI, and the data are naturally redatumed to this reference reflector using natural reflections as the redatuming operator. This natural redatuming mitigates the artifacts introduced by the repeatability errors that originate above the reference reflector.
INTRODUCTION
4D seismic has been used successfully for monitoring reservoirs (Calvert, 2005; Lumley, 1995) . Pumping out oil or injection of fluids over the life-cycle of an oilfield results in fluid movement in the subsurface which changes the seismic impedance of the reservoir. The main aim of 4D surveys is to be able to track this fluid movement using seismic imaging methods. One of the problems with 4D surveys is that the environmental conditions change over time so that the experiment is insufficiently repeatable. The water-layer velocity during a marine experiment changes with time because of the timevarying environmental conditions such as temperature, salinity, ocean currents and depth. For deepwater reservoirs these variations are even more pronounced since the water-column is very thick. These deviations lead to uncertainty in the estimation of the water-layer velocity, which can lead to image distortion similar to that caused by static errors in land data. In addition tidal variations will introduce statics shifts into marine data. Some of the repeatability errors can be overcome by using improved acquisition systems such as ocean bottom cables (OBC) where the receiver cable is deployed on the sea-floor, but these surveys are still not completely immune to repeatability errors. Therefore, repeatable surveys are a challenge for monitoring of reservoirs.
Multiscale full waveform inversion (FWI) can be used to resolve both the low-and high-wavenumber characteristics of the inverted models (Boonyasiriwat et al., 2010; Fichtner et al., 2013) . This makes FWI an ideal choice for inverting for timelapse changes in the subsurface medium. Recently, many applications of 4D FWI to recover temporal model variations have appeared in the literature (Routh et al., 2012; Queisser and Singh, 2013; Raknes and Arntsen, 2014) even though it is sensitive to non-repeatability errors (Asnaashari et al., 2012) . Maharramov et al. (2016) simultaneously inverted the baseline and monitor datasets, while also imposing a model-regularization constraint to counter non-repeatability problems.
Another means for mitigating the non-repeatability problem was proposed by Zhou et al. (2006) , who introduced the concept of interferometric migration. In this method they shifted the data by the traveltimes of the picked reference reflections. The time-shift can also be automatically computed by crosscorrelating the trace windowed around the reference reflection with the original trace. This procedure is carried out for all the traces to theoretically cancel out the phase associated with the common raypaths above the reference interface. It also approximately redatums the data to the reference interface without needing to know the velocity model. One problem, however, is that the correlated traces can lead to artifacts in the migration image and the reference reflections must be carefully windowed. To overcome this problem, the interferometric least-squares migration (ILSM) method was proposed by (Sinha and Schuster (2016) ) where the migration artifacts are significantly reduced by iterative least-squares migration. Tests on synthetic and field data validated the effectiveness of this procedure.
We now extend the ILSM method to waveform inversion of time-lapse data. For time-lapse data, the reference reflector is selected and the correllated data are migrated at each iteration. Unlike ILSM, the background velocity is updated at each iteration.
The paper is organized into four sections. The introduction is followed by the theory of interferometric full-waveform inversion (IFWI). Numerical results on synthetic data are presented in the next section, followed by conclusions.
THEORY
We now derive the equations for IFWI. The derivation is similar to that for ILSM, except the final equations show that the velocity model is updated at each iteration.
Define the predicted trace in the frequency domain to be D(g|s) for a source at s and geophone at g. Let D(g|s) re f denote the trace that is windowed around a reference reflection event as illustrated in Figure 1 . To estimate the crosscorrelogram Φ(g|s), the windowed reference reflections in the predicted data are temporally crosscorrelated with the predicted data. In the frequency domain, crosscorrelation is equivalent to the conjugated product of spectra
which removes the 2-way propagation time from the surface to the reflector for near-offset traces. redatumed to the reference reflector without knowing the velocity model. However, the implicit assumption is that the reflection rays for the reference reflection coincide with a portion of the rays associated with the deep reflection. Similarly, the observed crosscorrelogramΦ(g|s) can be obtained by the crosscorrelation of recorded traces with the observed reference reflection traces.
The goal of IFWI is to find the velocity model which minimizes the squared L 2 norm of the difference between the observed and predicted crosscorrelograms,
where we call this an interferometric waveform objective function. We will use an iterative gradient optimization method to achieve this goal, where the gradient of equation 2 with respect to the perturbation in slowness
Substituting the expression for predicted crosscorrelograms in equation 1 into equation 3 gives
where the Fréchet derivative
for the Helmholtz equation is given by Luo and Schuster (1991) as
where G(x|x ′ ) is the Green's function for a receiver at x and a point source at x ′ , and s(x) is the slowness value at the point x in the subsurface. The Fréchet derivative
can be automatically set to zero by keeping the velocity model above the reference interface fixed. Equation 4 says that the interferometric gradient is formed by smearing the interferometric residual along the associated migration ellipses and wavepaths that resemble a pair of rabbit ears. In practice the convolution and crosscorrelation are implemented using time shifts.
Different Strategies for Time-Lapse Estimation
The standard way of estimating temporal changes in the slowness is by inverting the baseline and monitor datasets separately, and then the inverted monitor and baseline tomograms are subtracted from each other for estimating the temporal velocity variations in the reservoir. But the problem with this approach is that we might converge to two different local minima after inversion, and a subtraction of two such models will lead to spurious property changes.
Another approach is to use the velocity model inverted from the baseline data as an initial model for inverting the data from the monitor survey. Then the two models are subtracted from one another to evaluate the time-lapse velocity change. This assumes that the estimated baseline model is complete to the extent that when used as an initial model for inverting the monitor data all the extra updates are exclusively caused by reservoir changes. But in practice, we always get extra nonreservoir updates because the number of iterations used for inverting the baseline model is a finite number.
Yang et al. (2016) used double-difference waveform inversion
(DDWI) to invert for time-lapse velocity changes and showed that DDWI provides a better estimate for the time-lapse changes compared to the previously discussed strategies. In this strategy the estimated baseline model is used as the initial model but instead of inverting the monitor data as a whole, we invert for the time-lapse difference between the baseline and monitor data sets. This is done by modifying the misfit as shown below
Here, D mon (g|s) and D base (g|s) represent the observed monitor and baseline data for a source at s and geophone at g, respectively. u mon (g|s, m) denotes the predicted data generated using model m. u base (g|s, m 0 ) is the synthetic data generated using the baseline model m 0 estimated by FWI and m represents the velocity model for the monitor survey. Since the baseline model m 0 has already been inverted for, u base remains fixed during DDWI. Similarly, by replacing the observed and predicted data by their respective crosscorrelogram components in equation 6, we obtain the misfit for double-difference interferometric full-waveform inversion (DDIFWI) as shown
The gradient for this DDIFWI misfit is given by
NUMERICAL RESULTS
IFWI is tested on a 2-D model based on geology of the Gulfaks field in Norway (Raknes and Arntsen, 2014) . A fixed-spread acquisition is used to generate the baseline data. The survey consists of 96 shots spaced at an interval of 60 m at a depth of 10 m below the sea surface. Each shot gather contains 301 receivers spread at an interval of 20 m. The velocity model used for generating baseline data and time-lapse changes in the velocity are shown in Figures 2a and 2b , respectively. To simulate non-repeatability in the monitor data, small variations on the order of 20 m/s to 40 m/s are introduced in the water layer, and the shot locations are randomly shifted to simulate tidal variations as shown in Figure 2b . The reservoir lies at the 2 km depth level as shown in Figure 2b . A 2-8 finite-difference scheme with a 6-Hz Ricker wavelet as the source signature is used to generate both the data sets. For the sake of simplicity, the baseline and monitor surveys are referred to as Year 1 and Year 2, respectively. Only reflections are inverted for both surveys. Figures 3a and 3b show the inverted models for Year 1 and Year 2 using FWI. Figure 4 shows the inverted IFWI tomograms for both the baseline and monitor surveys. Figures 5a  and 5b show the time-lapse changes in velocity estimated by FWI and IFWI respectively, and the reservoir area is indicated by the black dashed box. The time-lapse change in the reservoir is recovered by both FWI and IFWI. However we also see spurious changes elsewhere because of the non-linearity of the inversion problem. IFWI provides a better estimate of the time-lapse changes compared to FWI. Now we use DDFWI and DDIFWI to mitigate the spurious artifacts that are characteristic of the nonlinear inversion method. The tomograms inverted from the baseline surveys using FWI and IFWI are used as initial models for inverting the DDFWI and DDIFWI tomograms for Year 2. The tomograms inverted for Year 2 using DDFWI and DDIFWI are shown in Figure 6 . The time-lapse change is computed by subtracting the monitor DDFWI and DDIFWI tomograms from their inverted baseline FWI and IFWI counterparts. Figure 7 shows the timelapse change computed by DDFWI and DDIFWI. The timelapse changes estimated by using double-difference waveform inversion is an improvement over the conventional method. DDIFWI highlights changes mostly at the reservoir level, whereas the DDFWI estimated time-lapse change indicate variations at not only the reservoir but also in non-reservoir areas where no actual changes occurred. These spurious changes are caused by non-repeatability errors added to the data. The doubledifference approach combined with IFWI mitigates the spurious artifacts caused by overburden variations above the reference reflector, and provides an accurate estimate of the timelapse changes in the reservoir area.
CONCLUSIONS
Synthetic results suggest that IFWI can overcome the challenge posed by time varying changes in the overburden and can provide an accurate velocity model below a specified ref- erence reflector. Straightforward subtraction of baseline and monitor models can lead to false features in the estimated timelapse change in the reservoir. The double-difference approach provides a more accurate estimate of the velocity variations in the reservoir by exclusively inverting for time-lapse changes in the waveform. A combination of double-difference and IFWI provides a much more reliable estimate of the property change inside the reservoir. The next step is to apply DDIFWI to timelapse field data. 
EDITED REFERENCES
Note: This reference list is a copyedited version of the reference list submitted by the author. Reference lists for the 2017 SEG Technical Program Expanded Abstracts have been copyedited so that references provided with the online metadata for each paper will achieve a high degree of linking to cited sources that appear on the Web.
